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Abstract 
A series of computations is conducted for many multi-hole arrangements at several blowing ratios to further investigate the 
evolution of the film from multi-holes. The influence of multi-hole arrangement on effusion film cooling is analyzed and a pre-
liminary relationship evaluating the film development from developing state to developed state is brought forward. Results show 
that the coolant jets from front rows of multi-holes merge rapidly and the strength of the kidney vortices due to main-
stream-coolant jet interaction in the downstream region are mitigated under super-long-diamond arrangement where the stream-
wise hole-to-hole pitch is bigger than spanwise hole-to-hole pitch. The holes array arranged in super-long-diamond mode is not 
only in favor of obtaining developed film layer, but also improving averaged adiabatic film cooling effectiveness. 
Keywords: effusion cooling; multi-hole arrangement; cooling effectiveness; film development; numerical simulation 
1. Introduction 1   
With the further development of the aero-engines, 
the design of the combustion chamber should face to 
higher temperature rise and higher heat capacity than 
before, which undoubtedly leads to a crucial issue of 
the efficient cooling for the combustor liner. In order to 
improve the reliability of the combustion liner exposed 
to hot gas, two technical routes are obligatory for sat-
isfying this requirement, one is to improve the com-
bustor liner material characteristics, and the other is to 
develop advanced combustor liner cooling configura-
tion. As far as the latter is concerned, full-coverage 
film cooling or effusion cooling configuration has 
shown advantage to protect and increase the lifetime of 
combustor liner for contributing high cooling effec-
tiveness, as well as uniform temperature distribu-  
tion [1-3]. 
Numerical and experimental investigations on the 
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mechanism of effusion film cooling have been con-
ducted by many researchers. In reality, an effusion 
cooling system consists of three cooling effects: A) the 
reduction of the wall temperature for an adiabatic wall 
as a direct result of the coolant jets; B) the conduction 
of heat through the wall due to the thermal conductiv-
ity of the wall material and the heat transfer to the 
backside flow; C) the heat transfer to the coolant flow 
from the inner surface of the injection holes when 
coolant passes through the holes. The relative impor-
tance of each effect depends critically on the geomet-
rical features of the wall and the operating conditions 
(e.g. static pressure, flow rates) of the cooling system.  
Although many studies have been conducted to in-
vestigate the affecting factors on thermal and aerody-
namic performances of effusion cooling [4-18], such as 
blowing ratio, hole shape, hole diameter, hole inclina-
tion angle and hole array arrangement, there is few 
concentration on the evolution of the film along 
streamwise direction. It is known that the forming of 
“continuous” or “developed” coverage film layer 
comes through a developing process of the coolant jets 
injected from the front rows of film holes. The film 
cooling feature in developing state is obviously differ-
ent from that in developed state.  
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The objective of the present study is to further un-
derstand the evolution of the film from multi-holes and 
bring forward a preliminary relationship evaluating the 
film development from developing state to developed 
state, especially to reveal the effects of multi-hole ar-
rangement and blowing ratio on the evolution of the 
effusion film. To reach this objective, a series of com-
putations is conducted for many multi-hole arrange-
ments at several blowing ratios ranging from 0.5 to 2.5.  
2. Computation Scheme 
2.1. Physical model 
The local computational domain and schematic per-
forated plate are shown in Fig. 1. The primary flow 
(hot air) passing over a perforated flat surface with 
multi-rows of injection holes through which the sec-
ondary flow (cool air) is issued at a certain inclination 
angle. The computational domain is composed of three 
sub-zones, i.e., primary flow zone, perforated solid 
zone and multi-hole secondary flow zone. The height 
of primary flow passage (in y-direction) is chosen as 50 
mm, the width of the domain (in z-direction) is chosen 
as one spanwise hole-to-hole pitch and two symmetry 
planes are applied to the domain boundary. In stream-
wise direction (x-direction), the length of the domain is 
determined according to the multi-hole arrangement, 
involving at least 20 rows of film holes, and the dis-
tance between the last row holes and the primary flow 
passage exit is set as 50d (where d is diameter of film 
hole). 
 
Fig. 1  Schematic effusion cooling scheme. 
To ensure that the film development from develop-
ing state to developed state is captured, the rows of 
film holes are adjusted until the laterally averaged film 
cooling effectiveness trends to be constant at the last 
row. The coordinate origin is located at the center of 
the first row and the inlet section of primary flow is 
located at x=20d. As the secondary flow passage is 
not part of this investigation, the coolant jet is directly 
introduced into film holes from the bottom of the per-
forated plate. 
The cylindrical holes in the perforated plate are ar-
ranged in the staggered pattern, and the cool air is is-
sued at an angle D =30°. The diameter of each film 
hole d is 1.0 mm, and the thickness of effusion plate G 
is 1.8 mm. The adjacent hole-to-hole pitches in 
streamwise direction and spanwise direction are 
designated as S and P respectively, as shown in Fig. 
1(b). 
To reveal the effect of multi-hole arrangement on the 
evolution of the effusion film, several perforated cool-
ing configurations are designed by varying the distance 
between adjacent rows and adjacent columns of holes 
with the corresponding perforated percentage varying 
from 2.18% to 3%. The main geometry parameters can 
be found in Table 1. To characterize the effusion holes 
arrangement, the square-diamond (SD) mode, long- 
diamond (LD) mode and super-long-diamond (SLD) 
mode are defined according to the border shape of ad-
jacent four holes, as shown in Fig. 1. 
Table 1  Parameters for multi-hole arrangements 
Case P /d S /d Mode Perforated percentage/% 
1 8.00 4.00 SD 2.45 
2 6.00 4.36 LD 3.00 
3 6.00 5.33 LD 2.45 
4 6.00 6.00 LD 2.18 
5 5.66 5.66 LD 2.45 
6 5.00 5.24 SLD 3.00 
7 5.00 6.40 SLD 2.45 
8 5.00 7.20 SLD 2.18 
9 4.00 8.00 SLD 2.45 
2.2. Boundary conditions 
To study the effect of various amount of coolant 
flow for a fixed mainstream flow, a parameter known 
as the blowing ratio is defined as 
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secondary flow or coolant flow respectively, and Uf  
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respectively. 
In order to characterize adiabatic wall cooling effec-
tiveness, the dimensionless temperature is defined as 
 
aw
ad
c
T T
T T
K f
f
   (2) 
· 184 · YANG Chengfeng et al. / Chinese Journal of Aeronautics 25(2012) 182-188 No.2 
 
where Kad is adiabatic wall cooling effectiveness, Tc 
coolant flow temperature, Tf primary flow temperature, 
and Taw adiabatic wall temperature on the multi-hole 
surface suffering the primary flow. 
The boundary conditions of computational domain 
are specified as follows: 
1) The primary flow passage: the primary flow inlet 
is defined as velocity-inlet with u=50 m/s, and inlet 
temperature of the primary flow T is 350 K. A turbu-
lence intensity of 0.5% and a turbulence length scale of 
3% of the inlet height are used. And flow outlet condi-
tion is set as pressure-outlet with static pressure 
pout=101 325 Pa. Adiabatic no-slip condition is applied 
at the top solid wall of the primary flow passage, and 
the interface between the primary flow and perforated 
plate is viewed as fluid-solid “coupled” boundary. 
2) Film holes: the coolant jet is directly introduced 
into film holes from the bottom of the perforated plate 
by adopting velocity-inlet. The temperature of secon-
dary flow Tc is set as 300 K, so that the density ratio of 
the primary flow to the coolant flow is approximately 
one, and the inlet velocity can be calculated according 
to the blowing ratio ranging from 0.5 to 2.5. 
3) Perforated plate: adiabatic no-slip condition is 
applied to the solid wall boundaries except for the in-
terface between the primary flow and perforated plate. 
In the present study, the conductivity of the perforated 
plate is set as 0.01 W/(mgK), so that the contributions 
of conduction and internal cooling inside the solid wall 
to the film cooling effectiveness could be negligible. 
The temperature on the interface between the primary 
flow and perforated plate is approximately regarded as 
the adiabatic wall temperature. 
2.3. Computational approach 
A multi-block computational grid is applied to the 
computational domain. The primary flow zone is mod-
eled with a hexahedral mesh, and the perforated solid 
zone and multi-hole secondary flow zone are modeled 
using a tetrahedral mesh. These two meshes are 
merged together to form a “hybrid” mesh, with a 
non-conformal interface boundary between them. The 
meshes are non-uniform with fine grids in the regions 
where the complicated flow occurs, especially near the 
viscous walls. Viscous clustering is employed at all 
solid walls with the y+ less than 2.5 at all locations. 
And the grid is stretched away from the viscous wall 
using a stretching ratio less than 1.2.  
Approximately 1 720 000 computational grids are 
involved in the whole computational domain as well as 
about 5 000 grids in each film hole. The grid inde-
pendence test result for Case 5 at blowing ratio M=0.5 
is shown in Fig. 2.  
Three-dimensional numerical simulation is em-
ployed by using FLUENT-CFD software. First order 
upwind is selected for discreteness of the governing 
equations, and the standard -k H  turbulence model is 
applied. It is necessary to control the speed of calcula-
tion by under-relaxation. Convergence is considered to 
be achieved when both of the following criteria have 
been met: A) reduction in all residuals of five orders of 
magnitude; B) no observable change in surface tem-
perature prediction for an additional 30 iterations. 
 
Fig. 2  Grid independence test. 
2.4. Validation of numerical method 
To validate the present numerical method, a multi- 
hole film cooling example is illustrated according to 
the cooling configuration [12]. In this cooling configura-
tion, P/d=4.9, S/d=4.9, Į=30q. 
Figure 3(a) shows the laterally averaged adiabatic  
 
Fig. 3  Validation of computational results. 
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wall cooling effectiveness distributions along stream- 
wise direction obtained in the present calculation, and 
Fig. 3(b) demonstrates the experimental data presented 
in Ref. [12]. In this figure, momentum flux ratio is de-
fined as 2 2c c( ) /( )I u uU Uf f . By comparison, the com-
putational results are consistent to the experimental 
results. 
3. Results and Discussion 
3.1. Evolution of film flow 
Figure 4 shows the particle traces of film flow from 
the front rows of multi-hole at blowing ratio M=1.5. It 
displays that the forming of “continuous” or “devel-
oped” coverage film layer comes through a developing 
process of the coolant jets injected from front rows of 
film holes. At the front section of the effusion cooling 
configuration, the film outflows from first and secon-
dary rows of holes are somewhat like to the case of 
single row of film holes, and then film outflows from 
front rows of multi-hole merge together to form rela-
tively continuous film layer near the wall surface. It is 
noted that effusion holes arrangement has an important 
effect on the formation of “continuous” film layer. For 
square-diamond mode (P/d=8ˈS/d=4), the film out-
flows from the front rows of multi-hole merge slowly. 
While for super-long-diamond mode (P/d=8 Sˈ/d=4), 
the film outflows from the front rows of multi-hole 
merge rapidly. 
The evolution of film flow can also be demonstrated 
 
Fig. 4  Particle traces of film flow (M=1.5). 
from the adiabatic temperature distributions on the 
interface between the primary flow and perforated 
plate, as shown in Fig. 5.  
 
Fig. 5  Effusion cooling adiabatic temperature distributions 
(20 rows, M=1.5). 
For the square-diamond mode, the film flow displays 
an obvious “developing” feature in front rows. The 
film outflows injected from the front rows do not 
merge together to form a uniform film layer, so that the 
adiabatic temperature is higher than that for other 
modes, and the temperature distribution behaves sig-
nificant difference in the spanwise direction. While for 
the super-long-diamond mode, the temperature distri-
bution in spanwise direction is more uniform, and the 
surface temperature is getting close to coolant flow 
temperature at the 17th row of effusion holes. From 
this row on, the effusion film layer is considered as 
“developed”. 
Figure 6 presents the laterally averaged adiabatic 
film cooling effectiveness Kav distributions measured in 
20 rows film holes at different blowing ratios.  
According to the varying trend of the laterally aver-
aged adiabatic film cooling effectiveness along stream-
wise direction, it is deduced that the varying process 
could be divided as three stages. Firstly, the film cool-
ing effectiveness increases rapidly along streamwise 
direction in the front rows of multi-hole where the film 
layer is undergoing developing stage. Then the laterally 
averaged adiabatic film cooling effectiveness increases 
tardily in the middle rows of multi-hole where the film 
layer is undergoing transition stage. And lastly, once 
the effusion film layer is developed, the laterally aver-
aged adiabatic film cooling effectiveness should trend 
to be constant. As mentioned earlier in the flow fea-
tures, the effusion holes arrangement has an important 
effect on the formation of “continuous” film layer. For 
super-long-diamond mode (P/d=8ˈS/d=4), the film 
outflows from front rows of multi-hole merge rapidly, 
and the transition stage is accomplished at 17th row. 
Another notable feature is that the highest cooling ef-
fectiveness is also achieved under super-long-diamond 
mode with the same perforated percentage of effusion 
holes. 
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Fig. 6  Laterally averaged adiabatic film cooling effective-  
ness (20 rows). 
3.2. Mechanism of holes array optimization 
As mentioned above, the holes array arranged in su-
per-long-diamond mode is not only in favor of obtain-
ing developed film layer, but also improving averaged 
film cooling effectiveness. Figure 7 shows the cross- 
sectional velocity and temperature fields near the effu-
sion holes at different streamwise stations under 
M=2.5.  
As we know, the coolant discharged from film holes 
mixes with the primary flow directly, and simultane-
ously, the coolant jets from adjacent holes will interact 
together. For super-long-diamond mode (P/d=8, 
 
Fig. 7  Cross-sectional velocity fields and temperature fields 
(M=2.5). 
S/d=4), the interaction between adjacent film outflows 
at the same row is strong owing to the small lateral 
hole-to-hole spacing, so that the film outflows from 
front rows of multi-hole merge rapidly. The other rea-
son for the advantage of super-long-diamond mode is 
that coolant jet penetration is suppressed in comparison 
with square-diamond mode. As the coolant is dis-
charged with a certain angle, the coolant flow velocity 
components from effusion holes can be divided into 
two parts: the tangent velocity (in x-direction) and 
normal velocity (in y-direction). In the tangential direc-
tion, the coolant is forced to flow over the surface of 
the effusion plate. While in the normal direction, it is 
the opposite case, and the coolant flow penetrates the 
primary flow. It is apparent that the coolant jet penetra-
tion is different at various sections of effusion cooling 
configuration for the vigorous film layer is provided 
with the ability of suppressing coolant jet penetration. 
For this holes array mode, the strength of the kidney 
vortices due to mainstream-coolant jet interaction in 
the downstream region is mitigated, transferring the 
higher coolant jet momentum flux to streamwise direc-
tion mainly. 
Figure 8 presents the velocity profiles downstream 
of the film hole at different rows with M=2.5. It is 
shown that the location of peak velocity is closer to the 
wall and the peak velocity is also bigger for Case 5. As 
expected, the lower coolant jet penetration along 
y-direction and higher spread capacity along x-dire- 
ction is to benefit the film cooling effectiveness.  
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Fig. 8  Velocity profiles downstream of film hole (M=2.5). 
3.3. Evaluating of transition 
To obtain a preliminary relationship evaluating the 
transition from “developing film state” to “developed 
film state”, more rows effusion holes are considered 
and computed until the laterally averaged adiabatic 
film cooling effectiveness trends to be constant. Figure 
9 shows the effects of blowing ratio on laterally aver-
aged adiabatic film cooling effectiveness. The results 
are summarized in Table 2. It is shown that the transi-
tion row from developing state to developed state is 
located ahead under super-long-diamond mode. 
 
Fig. 9  Laterally averaged adiabatic film cooling effectiven- 
ess. 
Table 2  Transition row for “developed” effusion cooling 
 SLD mode 1<S/Pg2 
LD mode 
0.8<S/Pg1 
SD mode 
S/P~0.5 
M=0.5 12 16 22 
0.5<Mg1.0 16 18 24 
1.0<Mg2.5 18 22 28 
Note: The values in this table are all approximation 
 
4. Conclusions 
Three-dimensional numerical computations are con-
ducted to investigate the influence of multi-hole ar-
rangement on cooling film development at different 
blowing ratios. The results are summarized as follows. 
For square-diamond mode, the film outflows from 
the front rows of multi-hole merge slowly owing to its 
larger lateral hole-to-hole spacing. While for super- 
long-diamond mode, the film outflows from the front 
rows of multi-hole merge rapidly. 
For super-long-diamond mode, the strength of the 
kidney vortices due to mainstream-coolant jet interac-
tion in the downstream region is mitigated, transferring 
the higher coolant jet momentum flux to streamwise 
direction mainly.  
The holes array arranged in super-long-diamond 
mode is not only in favor of obtaining developed film 
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layer, but also improving averaged adiabatic film cool-
ing effectiveness. 
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